Experiments and numerical simulations were conducted to explore the interaction between an incident shockwave and a flame-holding region downstream of a ramp injector. It was found that when an incident shockwave was introduced downstream of the ramp injector, a flame-holding region with red chemiluminescence accompanying high-temperature water vapor formed, while no apparent flame-holding region was observed without it. OH-PLIF measurements were also performed. The concentration of OH radical increased downstream of the incident shockwave, indicating that combustion was enhanced in the downstream region. Results of wall pressure measurements and numerical simulations indicate that the pressure increase and enhanced mixing contribute to flame-holding downstream of the incident shockwave. The mainstream was compressed downstream of the shockwave, resulting in an increased reaction rate between the hydrogen and mainstream air, as well as enhanced mixing due to baroclinic torque generated by the pressure gradient.
Introduction
The SCRAMJET engine, a hypersonic air-breathing propulsion system, which relies on hydrogen-air reaction, enables flight at hypersonic speed. This engine will be employed in a single-stage-to-orbit hypersonic vehicle. With this engine, a high-specific impulse can be attained even during hypersonic flight. 1) However, there are still many problems to be solved. Since the residence time of inlet air in a SCRAM-JET combustor is on the order of 1 ms, stabilization of the flames is difficult. Additionally, the existence of many shockwaves affect the flow field in a SCRAMJET combustor. Controlling supersonic combustion under such conditions is quite difficult because of the interaction between the shockwaves and combustion region. Little research has been conducted on the fundamental mechanism of the interaction. In order to realize such an engine, efficient fuel injection and mixing are essential to generate a net thrust because the momentum of the airstream is very large.
To tackle these problems, various types of fuel injection systems have been investigated.
2) A representative example is traverse injection from a wall inside the SCRAMJET combustor.
3) According to the cited study, which was conducted at a high equivalence ratio (0 % 4:0), a flame-holding region was observed only if a shockwave was introduced downstream of the injection slot. From experiments and numerical simulations, it was concluded that three-dimensional entrainment due to an incident shockwave enhances mixing of injection gas and mainstream air in the vicinity of the region downstream of the shockwave. On the other hand, Kitahara et al. observed flame extinction downstream of the incident shockwave for a cavity parallel injector. 4) In that study, the results of two-dimensional simulation showed that the mainstream was inflected toward the injection wall. This led to flame extinction downstream of the shockwave because the amount of heat loss from the flame to the injection wall increased due to the inflection of the mainstream. However, when it comes to implementation, these injection types have other practical disadvantages. Although the mixing performance of traverse injection is high, the loss of total pressure accompanying injection cannot be ignored. Although parallel injection generates little loss of total pressure, its mixing performance is not good. Since the momentum of injection can contribute to the main thrust, parallel injection would be much more efficacious for hypersonic flight. The realization of a parallel injector having high mixing performance is awaited.
A ramp injector is expected to have the above-mentioned good points. A ramp injector injects fuel toward the mainstream at a ramp angle. It is categorized as parallel injection, which means it generates little loss of total pressure. Different from conventional parallel injection, a ramp injector is characterized by high mixing performance due to the presence of vertical vortices caused by a pressure gradient between the ramp surface and side wall. That is a major advantage of using a ramp injector. Although many studies on the flow field structure involved in the ramp injector have been performed, 5, 6) little attention has been given to elucidation of the interaction mechanism between the flow field and shockwaves. In addition, there has been little research on the effects of an incident shockwave on engine combustion in terms of flame structure. A schematic of the flow field with an incident shockwave is shown in Fig. 1 .
The objective of this study is to investigate the mechanism of flame-holding under a certain condition in which the main flow total temperature (approx. 673 K) remains lower (i.e., cooler) than the ignition temperature (approx. 1,500 K), which simulates actual engine conditions. In this study, OH planar laser-induced fluorescence (PLIF) was conducted for flame structure visualization to understand its structure. By identifying OH distribution, the flame-enhanced region can be detected. Observed experimental phenomena were discussed through numerical simulation under steady conditions. A mixing enhancement of fuel/air applying the ramp injector principle, and accelerating the reaction by means of an incident shockwave allows a new technical approach for developing the system of ramp injector ignition.
Experimental Setup and Procedure
A supersonic combustion wind tunnel at the Institute of Fluid Science, Tohoku University, was used. This wind tunnel is a blow-down type, which releases exhaust gas into the atmosphere. The Mach number was fixed at 2.5 and total pressure was 0.5 MPa in the present study. Each experimental duration under the Mach 2.5 condition was approximately 20 s. More details of the test facility are described elsewhere. 7) A schematic of the ramp injection device is shown in Fig. 2 . The origin is set at a point beneath the injection surface and the positive direction in the x-coordinate corresponds to the downstream region. The y-and z-coordinates are perpendicular to the wall and the span-wise direction, respectively. There is a d ¼ 3:57 mm circular injection hole as well as 11 holes for wall pressure measurement in the downstream wall. The injection surface geometry is 10 mm 2 . The most important items in the layout of the ramp injector are the ramp angle and geometry of the injection surface. Namely, only if the vortex Reynolds number, shown Eq. (1), is equal to or more than the order of 10 4 , a turbulent mixing region is expected to be formed downstream of the ramp injector, 8) Re
where circulation À sv is defined by the geometry of the injection surface and slip flow velocity, which indicates approximate strength of the vertical vortices induced. Mainstream kinematic viscosity is indicated as # 1 . To prevent choking of the supersonic flow in the duct, the maximum total cross-section of the ramp should not exceed about 20% of the duct cross-section. 9 ) From these facts, ramp angle and geometry were determined as seen in Fig. 2 , where corresponding vortex Reynolds number and percent of blockage area resulted in 3:5 Â 10 4 and 1.8% respectively. The shock generator was wedge-shaped and its deflection angle was 6 deg. The experiment was conducted with the location of the shock generator being changed. The ramp injection device was installed in the test section at +2 deg. in the direction of the airstream to prevent boundary layer separation upstream of the ramp. A pre-burning chamber was located beneath the ramp injection device because self-ignition of hydrogen was difficult under the airstream conditions in the present study. The gases injected contained a large amount of unburned hydrogen at high temperature when the equivalence ratio of the gases in the pre-burner was sufficiently high.
In the combustion experiments, the flow field was visualized by the Schlieren method, the light source of which was a Xenon flash lamp. A fuel rich pre-burnt hydrogen and air mixture was injected from the injection hole when the mainstream reached Mach 2.5. The equivalence ratio was fixed at 0 ¼ 3:6 for the respective experiments. The flame-holding regions were identified by the red chemiluminescence observed using a color CCD camera. In our previous study, red chemiluminescence was proved to be the emission of high-temperature H 2 O in the combustion gas.
10) The flame and Schlieren images were taken simultaneously.
A schematic of the experimental setup for OH-PLIF measurement is shown in Fig. 3 . A laser beam from a Nd:YAGpumped dye laser with a frequency doubler was introduced perpendicular to the ramp injector. The laser beam was sheeted in the process of passing through a cylindrical lens. The laser wavelength was set to 282.929 nm using branch line Q 1 (6) , which was appropriate to excite the fluorescence of the OH radical, OH fluorescence signals from the injected pre-burnt gas were detected with an ICCD camera through a UV lens with a band-pass filter so as to cut-off the other wavelength. Laser energy was 12 mJ/pulse.
Wall pressure was measured by sampling the mainstream from 11 points set downstream of the ramp injector. Details of the sampling point configuration are shown in Fig. 2 . Before every experiment, each pressure transducer was adjusted to zero referring to atmospheric pressure and was confirmed to have decent linearity. The experiments were conducted with cold flow and combustion jet flow. 
Method of Numerical Simulation
Numerical simulations at uniform conditions for a threedimensional flow field were performed using FLUENT 14.0.
11) A three-dimensional compressive Reynolds-Averaged Navier-Stokes (RANS) equation was used as the governing equation in this study. The equation was solved using the finite volume method. The AUSM method was used for the convection terms, and the MFGS method was used for the time integral. To simulate an internal air flow and jet flow precisely, Wilcox's k-½ two-equation turbulence model was used. 12) In order to match the actual experimental conditions, Mach number, total pressure and total temperature of the mainstream were set to 2.5, 0.5 MPa and 673 K, respectively. In cold flow simulation, high-temperature air as an ideal gas was injected from the ramp injector. The Mach number, static pressure and total temperature of the injection air were set to 1.0, 0.32 MPa and 1,500 K, which approximately matches the experimental conditions. The two types of numerical grid were designed in accordance with the actual dimensions of the ramp injector and shock generator. One was designed for a ramp injector without a shock generator and the other was for a ramp injector with a shock generator fixed at the furthest upstream set point. The former and the latter have 250,000 and 340,000 grid points, respectively. The injection wall was set as the isothermal wall at 300 K. Once the mainstream reaches the Mach number (2.5) at the inlet of the numerical region, a shockwave is introduced automatically because of the deflection angle of the generator.
In the combustion numerical simulation, the detailed reaction mechanism of H 2 /O 2 by Müller et al. 13) was incorporated. The pre-burnt gas composition was determined using CHEMKIN PSR, 14) with the hydrogen and air mixture having an equivalence ratio of 3.6. The validity of the numerical results was confirmed qualitatively by not only comparing numerical density gradient results with the Schlieren images, but also by comparing OH distribution with OH-PLIF images.
The validation of the numerical results were assessed using four main phases: qualitative, quantitative, geometric and convergence. The qualitative validation validates physical quantities based on theoretical equations such as Ran- 
Results and Discussion

Effects of incident shockwave on combustion
Prior to the combustion experiments, cold flow experiments with air injection were conducted to visualize the structure of the flow field, which is unique to a ramp injector, by means of the Schlieren method. As a result, it was confirmed that the ramp injector designed in this study could produce the theoretical flow field seen in Fig. 1 . Moreover, since a Mach disc formed near the field of the injection hole, it was expected that sonic injection would be successful.
Combustion experiments were conducted under three conditions. As a reference, experiments without a shock generator were also conducted, as shown in Fig. 4(a). Figures 4(b) and 4(c) show the results with the shock generator fixed at the furthest downstream set point and at the furthest upstream set point, the incident points of which were 55 mm and 35 mm from the origin, respectively. Note that all the figures of the results have a scale along with the injection wall, which is non-dimensional in terms of the height of the ramp injector (10 mm): each increment value is 10 mm from the Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 2, 2016 bottom of the injection surface (origin). The clearance between the two set points was 20 mm. In the result without the shockwave, no apparent flame-holding region with strong chemiluminescence was observed, while in the results with a shockwave, a flame-holding region was observed immediately downstream of the shockwave. This flame-holding region formed downstream of the shockwave was lifted up from the wall. These phenomena were similarly observed even if the location of the shock generator was changed.
To elucidate this phenomenon much further, OH-PLIF measurement was conducted and images were captured on the x-y plane at z ¼ 0, the fluorescence intensities of which are shown in Fig. 5 . Figure 5 shows that the maximum OH fluorescence intensity was doubled when the shockwave was introduced, as seen in Figs. 5(b) and 5(c) compared with that of Fig. 5(a) , in which no shockwave was introduced. In light of the constant output of the laser (12 mJ/pulse), it is suggested that the density of the OH radicals was increased downstream of the incident shockwave accompanying its fluorescence intensity, which means that the shockwave enhanced the downstream portion of the combustion reaction. The jet flow plume is identical even before the shockwave incident point in Fig. 5(c) , whereas Fig. 5(b) doesn't capture this. The phenomenon was presumably caused by the clearance between Mach disk and shockwave. Theoretically, pressure rises at downstream of Mach disc and shockwave. Once these points are close, pressure increasing regions, in which the flame is stabilized, can be merged even across the shockwave. When these points are distanced, such as the case in Fig. 5(b) , the pressure increase behind the Mach disc is immediately offset by the low pressure of the main stream.
The results of combustion numerical simulations showed good accordance with those of the OH-PLIF experiments. Figure 6 (a) shows the OH mole fraction profile without a shockwave, and Fig. 6(b) illustrates the case with a shock generator fixed at the furthest upstream set point. Without a shockwave, the OH mole fraction did not increase quantitatively that much compared to that of Fig. 6(b) , whereas it increased rapidly downstream of the incident shockwave. More precisely, the region where the OH mole fraction increased overlapped slightly upstream from the incident point.
In addition to this accordance in OH distribution, numerical simulations yielded valid results of the H 2 O mole fraction. Comparing experimental results shown in Fig. 4 and numerical results shown in Fig. 7 , it can be seen that the H 2 O distribution of the two matched each other: only if a shockwave was introduced did the H 2 O mole fraction show an increase in the downstream region.
All considered, it was proved experimentally and numerically that a shockwave enhanced combustion in the downstream region.
Flow field downstream of a shockwave
In order to investigate the effect of an incident shockwave on flame enhancement by comparing the quantitative data of both the experiment and numerical analysis, downstream Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 2, 2016 wall pressure was measured. The measurement points are shown in Fig. 2 . Obtained wall pressure was non-dimensionalized using atmospheric pressure. The results of wall pressure measurements are shown in Fig. 8 , in which the x-direction was non-dimensionalized using the injection surface dimension (10 mm) as the vortex Reynolds number depending on the surface height. Overall, results of numerical simulations and experimental data showed good agreement for the measurement points qualitatively for all cases (with/ without shockwave), although numerical results were slightly underestimated due to the difference in the shape of the experimental setup: the ramp injector in the experiment was placed in the cubic test section downstream of the wind tunnel, whereas CFD simulated the flow in a duct. Because of the different shape of the ramp injector section in the z-axis direction, the main flow of the CFD was straightened, whereas the experiment flow was possibly affected by the convection arising from the corners of the cubic test section. Straightened supersonic main flow marks lower static pressure rather than convected supersonic flow. There was an apparent rapid increase in static pressure when the shockwave was introduced, especially in the downstream region. Therefore, it can be concluded that the pressure rise due to the incident shockwave is one of the dominant factors for flame stabilization under this experimental setup. When the shockwave was introduced, the gap in the static pressure in the upstream region of the incident point between the cold flow experiment and combustion experiment was larger than that of Fig. 8(a) , in which no shockwave was introduced. The pressure rise in the combustion experiment appeared far upstream of the incident point seen in Figs. 8(b) and 8(c). One of the presumable factors is that, as pre-burnt gas has a much higher temperature (approx. 1,500 K) than cold jet flow (room temperature), the Mach number around the jet flow decreased, inducing a vertical shockwave (Mach disc) nearby the injection surface. This caused the incident point to be further upstream than it originally should have been. On the other hand, there was no obvious gap in static pressure between cold flow and combustion in the CFD results for all cases (with/without shockwave). This was because the temperature of the injected air in the cold flow numerical simulation was set to 1,500 K in order to simulate experimental conditions as precisely as possible, which means that there was no big gap in the jet flow Mach number as well as pressure distributions, between combustion and cold flow numerical results. Due to their similarity in pressure distribution, Fig. 8 shows combustion numerical results. As the static pressure can be expected to rise constantly in the downstream region of the incident shockwave, the gap in static pressure between the cold flow experiment and the combustion experiment diminished downstream of the incident shockwave point. The results of static pressure with stream lines on the x-y plane at the center of the z-direction in the cold flow numerical simulations are shown in Fig. 9 . As approximate accordance was observed in Fig. 8 , it can be expected that the numerical flow field simulated the experimental conditions precisely. Looking at Fig. 9 , the mainstream is compressed downstream of the shockwave, which is expected to enhance the reaction of injected hydrogen.
In addition to this, the pressure gradient was formed downstream of the shockwave in the direction of the y-axis, which induced an uplift effect of the jet flow, as seen in Figs. 4 to 7: The stream lines in Fig. 9 (a) seem to run parallel to the injection wall showing uplift, whereas the stream lines in Fig. 9(b) run away from the injection wall. As stream line uplift on the contour surface spacing 15 mm from the z-center was not ob- served, it is expected that an upward velocity component is induced due to the counter-rotating vortex motion formed behind the ramp injector at exactly the point of z ¼ 0 mm. This counter-rotating vortex lifted the injection flow up. One conceivable effect for flame holding of flame uplifting is that the injectant heat loss on the injection wall can be reduced. Figure 10 shows x-vortices on four points of the contour surface. Given the experimental fact that the approximate incident shockwave point was x ¼ 35 mm when the shock generator was set at the furthest upstream set point, this indicates that vortices were strengthened downstream of the incident shockwave as compared to the case without shockwave: at the contour point 10.0 (x ¼ 100 mm), the vorticity without shock generator (left column) is clearly less than that of contour point 1.0, while the vorticity with shock generator (right column) is not much less between contour points 1.0 and 10.0. A possible reason for this is the effect of the Baroclinic torque induced by the pressure gradient associated with the shockwave, and the density gradient at the interface between the air and light gas inhomogeneity and the temperature gradient between them. 15) Due to the action of Baroclinic torque with its axis in the z-direction, shearing force operating in the x-direction stretches the vortex tubes, which are induced by the ramp angle in the downstream region, causing the diameter to shrink. In accordance with the principle of conservation of angular momentum, when the diameter of the vortex tube shrinks, the inside vorticity should increase.
The strengthened vortices generated downstream flow, which can be observed from the results of the mass fraction of injection jet flow in Fig. 11 . In Fig. 11(b) , the mass fraction of jet flow was apparently diluted downstream of the shockwave, indicating that mixing was enhanced due to strengthened vortices, whereas in Fig. 11(a) , the region where the mass fraction of jet flow is high extends to the furthest downstream point. Figure 11 also shows that the uplifting effect of the jet flow contributed to the pressure gradient in the direction of the y-axis downstream of the shockwave, which can be seen in Fig. 9(b) : The mass fraction of the jet flow reaches the wall in the downstream region when no shockwave is introduced, as seen in Fig. 11(a) , while it is lifted up and away from the wall completely in Fig. 11(b) . This results in increasing the penetrating height towards the y-direction.
Conclusion
In this study, the interaction between the incident shockwave and flame-holding region downstream of a ramp injector was investigated experimentally and numerically, and the following results were obtained.
1) In the combustion experiments and OH-PLIF, a flameholding region accompanying a highly concentrated OH region was observed only downstream of the incident shockwave. These phenomena were also shown in the reactive numerical results, which showed good agreement with experimental results.
2) The pressure rise downstream of the shockwave was validated by comparison between experimental and numerical results. As static pressure increased downstream of the incident shockwave, the reaction rate of hydrogen and the air mixture increased, and injected hydrogen was promptly ignited even under the supersonic flow. The incident shockwave was the dominant factor for the rise in pressure.
3) Numerical results showed that jet flow mixing was enhanced due to the strengthened vortices downstream of the incident shockwave. When a shockwave is introduced, the pressure gradient should be formed across the shockwave. This pressure gradient and the density gradient between the air and light gas inhomogeneity induced Baroclinic torque, which causes shearing force on the vertical vortex tubes in the downstream direction, resulting in increasing in vortices in accordance with the principle of conservation of angular momentum. Thus, mixing and combustion were enhanced, as shown in the experiments. (a) (b) Fig. 11 . Mass fraction of the jet flow contoured spacing every 10 mm in the x-direction: (a) without shock generator; and (b) with shock generator at the furthest upstream set point.
